The thin films of BiOx, SrxTayOz, and strontium bismuth tantalate (SBT) were deposited by metalorganic chemical vapour deposition (MOCVD) on 150 mm silicon (100) wafers. Some of the wafers were pre-deposited with Pt electrodes. The substrate temperature and the deposition pressure were varied from 300 to 600
Introduction
Ferroelectric thin films have attracted great interest for nonvolatile ferroelectric random access memory (FeRAM) applications [1] [2] [3] . These materials have some advantages over silicon-based memories such as faster write speed and lower operating voltage [4] . Pb(Zr x Ti 1−x )O 3 (PZT) has been the most intensively studied material for this application. However, PZT thin films with Pt electrodes exhibit serious degradation of ferroelectric properties with cumulative polarization which is known as polarization fatigue [3, 5] . Recently, alternative SrBi 2 Ta 2 O 9 (SBT) materials have been widely used because of their excellent fatigue endurance [3, 6] .
Various deposition techniques such as metalorganic decomposition (MOD), pulsed laser deposition (PLD), sol-gel method, metalorganic chemical vapour deposition (MOCVD) were used for SBT thin film deposition [7, 8] . The MOCVD process has become widely accepted in the semiconductor industry because of the superior step coverage, better control of composition and thickness, and better uniformity over large wafer size compared to other deposition techniques [3, 9] .
In this study, we present SBT deposition using MOCVD. The growth rate of the MOCVD of BiO x and Sr x Ta y O z was compared to the growth rate of SBT to obtain information about mutual interaction between precursors. We focused our research on the film growth kinetics, the thickness uniformity, and the elemental composition.
Experimental
The BiO x , Sr x Ta y O z , and SBT thin films were deposited by MOCVD (Fig. 1) at reduced pressure. A liquid delivery system (LDS) was used to supply and to evaporate the precursor into the reactor. The flows of the precursors were adjusted using liquid flow controllers (LFC). The temperature of the evaporator was varied from 140 to 180 • C. The precursor vapours were carried by nitrogen gas set to a flow rate of 50 sccm to the hot-box that was heated to 160 • C where they were mixed with the oxygen which was supplied with a flow rate of 50 sccm. The flows of the gases were controlled by mass flow controllers (MFC). The connecting lines between the evaporator, the hot-box, and the reactor were heated to 160 • C in order to prevent the condensation of the precursor. The deposition zone was resistively heated to the deposition temperatures ranged from 350 to 650 • C. The MOCVD reactor was equipped with a vacuum pump system and a motordriven pendulum valve to adjust the pressure during the deposition process in a range between 0.35 and 7 mbar. During the film deposition, the reactor wall temperature was maintained between 60 and 80 • C.
The BiO x , Sr x Ta y O z , and SBT thin films were deposited on 150 mm silicon (100) wafers by means of MOCVD. Some of the wafers were pre-deposited with Pt electrodes. Bi(/\//) 3 (triallyl bismuth) and Sr[Ta(OEt) 5 (OC 2 H 4 OMe)] 2 (strontium bis[tantalum (pentaethoxy)(2-methoxyethoxide)] were used as a Bi precursor and as a Sr-Ta precursor, respectively. The precursors were dissolved in toluene 0.05M for BiO x and Sr x Ta y O z film deposition. A mixture of the two precursor solutions was made for SBT deposition. In this case, the concentration of the Bi precursor was two times higher (0.1M). The deposition conditions are summarized in Table 1 . The film thickness was measured by a spectroscopic ellipsometer (Sentech SE850). Data were taken within the 248-869 nm wavelength range.
The elemental composition was analysed by X-ray photoelectron spectroscopy (XPS) using ESCA 5600 (Mg K α line). The XPS depth-profiling was made by 4.5 keV Ar + ion bombardment.
Results and discussion
In order to estimate the SBT deposition rate and elemental composition, the MOCVD process was investigated for Bi and Sr-Ta precursors separately. Figure 2 shows the dependences of growth rates for Bi, Sr-Ta, and Bi-Sr-Ta precursors at different reactor temperatures and at a pressure of 0.35 mbar. The deposition rate of the bismuth oxide thin films was low (∼10 nm/h) and did virtually not depend on the tem- perature. On the contrary, the growth rate of strontium tantalate films depended strongly on the temperature. Three characteristic ranges were determined for Sr-Ta precursors. The first one was observed at low temperatures (350-450 • C). In this range, the surface was not enough activated and the deposition rate was low and almost constant (∼12 nm/h). In the second range (450-550 • C), the process was reaction rate limited. The activation energy was calculated in this region and was equal to 45 kJ/mol. Above 550 • C, the deposition rate saturated at 30 nm/h and a mass transport rate limited regime was observed. The deposition rate dependence (5-8 nm/h) of the SBT films was similar to the Bi film deposition that slightly increased with increasing substrate temperature. But the rate was lower than the deposition rate of the single precursors. The growth rate significantly depended on the deposition pressure (see Fig. 3 ). Having increased the pressure from 0.35 mbar to 3.5 mbar, the deposition rate of SBT rose from 7 nm/h to 45 nm/h at a temperature of 550 • C. The changes were not so pronounced at reduced substrate temperatures. The growth rate increased from 5 to 15 nm/h at 450 • C. Figure 3 also shows that the growth rate of SBT was always less than the growth rate of Sr x Ta y O z . However, another pressure-related effect was observed. The decrease of the deposition pressure in the reactor chamber reduced the deposition rate of BiO x , Sr x Ta y O z , and SBT. But on the other hand, the pressure reduction improved the uniformity of the film thickness (see Fig. 4 ), which is very important for microelectronical applications. ness was more inhomogeneous at higher pressure and the standard deviation of the film thickness exceeded 35%. In this case, there was no correlation between the uniformity of the film thickness and the substrate temperature.
The growth rate depended on evaporation temperature. The decrease of the temperature of the evaporator from 140 to 180 • C resulted in a reduced growth rate of the Sr x Ta y O z films of about 10%. A variation of the growth rate of BiO x , and SBT was not so significant and did not exceed 5%.
The XPS measurements of Sr x Ta y O z indicated that the surface layer of these films contained 24 at.% carbon, 46 at.% oxygen, 14 at.% strontium, and 15 at.% tantalum (see Fig. 5 ). No more carbon was observed after Ar + ion bombardment. This means that the substrate temperature and oxygen content were sufficient for growing carbon-free films. The other components showed a different behaviour with increased sputter time. At first, the amount of Sr, O, and Ta atoms increased, related to the disappearing of carbon. After that the content of Sr and O decreased. An enhancement tendency of the concentration of Ta remained in the whole Sr x Ta y O z film. One explanation could be that the sputtering yield of Ta is three times lower than for other elements. The Ta content in the silicon wafer also supports this assumption, while the Ta concentration in the silicon wafer is about 9 at.% and diffusion at this temperature is insignificant.
The elemental composition of the SBT thin films is presented in Fig. 6 . Because of the low thickness of the films, Pt (about 2 at.%) was observed through the surface layer. The surface concentration of the other elements were as follows: Bi ∼3 at.%, C 32 at.%, Fig. 6 . Atomic composition of SBT thin films (defined by XPS) as a function of Ar + ion sputtering time. The SBT thin films were deposited on Pt (100 nm) coated silicon wafer at 550
• C, 0.35 mbar, and 50 sccm O2. Fig. 7 . XPS spectra of Sr 3d, Bi 4f , Ta 4f , Pt 4f , O 1s, and C 1s at different Ar + ion sputtering time. The SBT thin films were deposited on Pt (100 nm) coated silicon wafer at 550
• C, 0.35 mbar, and 50 sccm O2.
Ta 13 at.%, Sr 9 at.%, and O 41 at.%. As in the Sr x Ta y O z case, carbon was observed only in the surface layer, the concentration of the other analysed elements increased after the first sputtering step. The XPS measurements of SBT showed a deficit of bismuth even though the concentration of the Bi precursor was two times higher (0.1M) than the concentration of the SrTa precursor (0.05M) (see Fig. 6 ). The content of Bi in the SBT thin films was very sensitive to the oxygen concentration in the deposition gas mixture. When no oxygen was used, the concentration of Bi was about 1 at.%.
The XPS spectra of Sr 3d, Bi 4f , Ta 4f , Pt 4f , O 1s, and C 1s at different Ar + ion sputtering time are presented in Fig. 7 . The peak positions of Ta 4f 5/2 (27.9 eV), Ta 4f 7/2 (26.6 eV), Sr 3d 3/2 (135.1 eV), Sr 3d 5/2 (133.5 eV), Bi 4f 5/2 (159.1 eV), and Bi 4f 7/2 (164.4 eV) indicated that these elements were in the oxide state. Different bond characteristics of Ta, Sr, and Bi were observed close to the surface than below after Ar + ion bombardment (see Fig. 7 ). The peaks of Sr, Ta, and Bi shifted to lower energy. This means that the chemical state of Sr, Ta, and Bi changed from oxide state to metallic, resulting from a preferential sputtering of oxygen atoms [10] .
Conclusion
The growth kinetics and elemental composition of BiO x , Sr x Ta y O z , and SBT thin films were investigated using Bi(/\//) 3 (triallyl bismuth), Sr[Ta(OEt) 5 (OC 2 -H 4 OMe)] 2 (strontium bis[tantalum(pentaethoxy)-(2-methoxyethoxide)] precursors. The deposition of SBT thin films was more similar to BiO x than to Sr x Ta y O z . The increase of the deposition temperature to 600 • C and pressure to 3.5 mbar lead to a higher deposition rate. But the uniformity of the film thickness over the 150 mm wafer was not sufficient. The standard deviation was about 35% at a pressure of 3.5 mbar. The higher temperature of 600 • C and lower pressure of 0.35 mbar were more suitable for microelectronic applications.
